Phragmites australis salt marsh (PSM), Suaeda salus salt marsh (SSM) and Tamarix chinensis-Suaeda salus salt marsh (TSSM). We applied allometric function, exponential function and logistic function to model the depth distribution of the SOCv and SOCc for each salt marsh, respectively. The results showed that the exponential function fits the depth distribution of the SOCv more well than other two functions. The SOCc can be fitted very well by all three functions for three salt marsh (Adj. R 2 > 0.99), of which the allometric function was the best one. The mean topsoil concentration factors (TCFs) of three salt marshes were beyond 0.1, which means the SOC enrichment in surface soils due to plant cycling, but TCFs in PSM were significantly higher than those in SSM (P < 0.05). Nearly 30% of SOC was concentrated in the top 20 cm soils. The results of general linear model (GLM) suggested that four soil properties (soil water content, pH, soil salt content and silt+clay) and their interactive effects explained about 80% of the total variation of SOC stock in the top 20 cm soils and the 20-100 cm soil layers.
Results and Discussion
Soil characterization. The summary statistics of the SOC, bulk density (BD), pH, soil salt content (SSC) and soil texture (sand, silt and clay) of all samples (n = 28) in the study area are shown in Table 1 . The SOC contents ranged from 0.48 to 8.20 g/kg in the study area, with mean SOC values of 1.65 to 3.96 g/kg. A decreasing trend was observed along the soil profile according to the mean values of SOC, with the exception of the 40-60 cm soil layer, which was more similar to the SSC trend. The soil pH values indicated a weak alkaline environment. A relatively high BD (> 1.55 g/cm 3 ) could be attributed to the serious compaction and breakdown of the soil structure in coastal areas 21 . Soil BD and pH exhibited weak variability (Coefficient of Variation (CV), with CV values less than or equal to 10%), whereas SOC and SSC exhibited moderate variability (10% < CV < 100%) 22 at all depth intervals. For the soil texture, strong variability (CV greater than or equal to 100%) was found in the clay content despite its lower content. The sand and silt also exhibited moderate levels of variability, thus implying the existence of intensive hydrological fluctuations in the study area.
Modelling the depth distribution of the soil organic carbon. The Tables 2 and 3 . When modelling the depth distribution of the SOC v , the exponential function showed the best modeling result compared with allometric and logistic functions in spite of its low goodness of fit, with mean Adj. R 2 = 0.76, 0.95 and 0.82 for PSM, SSM and TSSM, respectively. The decay exponential function has been widely applied to describe the vertical SOC distribution in forestland [22] [23] [24] , agricultural land 25, 26 and grassland 16 . The exponential function might therefore be used to predict the SOC stocks regardless of the soil type or land use 13, 15 . In our study, the fitting results indicated that the exponential function is also useful in modelling the vertical distribution of volumetric SOC (kg/m 3 ) in coastal salt marshes. Interestingly, the values of SOC c were theoretically equal to the integral values of SOC v in terms of the soil depth from 0 cm to the desired soil depth. However, this could produce many errors when using the integral values of SOC v given its irregular distribution (Fig. 2 ) and low goodness of fit (Table 2) . Therefore, we calculated the SOC c based on the SOC v and used three mathematical functions to describe the depth distribution of the SOC c . When modelling the depth distribution of SOC c , three equations all showed high goodness of fit (Adj. R 2 > 0.99) for the three salt marshes (Table 3) . Therefore, it is necessary to determine which function would result in lower errors when predicting the SOC stocks among three modelling functions. Figure 3 showed the relationship between the calculated SOC c values (0-80 cm and 0-100 cm) and the predicted SOC c values using the three functions in the three salt marshes.
Prediction and validation of the cumulative soil organic carbon stock (SOC c ).
In many cases, we need to predict the SOC density (kg/m 2 ) for a given type of land. This process would be time-consuming and expensive if we measured the SOC values of all samples at different depths. Therefore, it can be helpful to predict the SOC stocks of a desired depth using the SOC v content in the surface soils. In our study, we used the SOC c of four intervals of upper soil layers (0-10, 0-20, 0-40, and 0-60 cm) in validation data sets to predict the SOC c of Table 4 show the validation indices (MPE and RMSE) of the predicted SOC c values at the 0-80 and 0-100 cm intervals in the three salt marshes using the three functions.
As shown in Fig. 3 , all of the SOC c values predicted using logistic function were in area B, which means that the predicted values were smaller than the calculated values. In contrast, almost all of the SOC c values predicted using exponential functions were in area A, which indicates that the exponential function may result in larger predicting outcomes. Further, the predicted SOC c values using the allometric function were distributed on both sides of an oblique line with a slope of 1, which indicated that the allometric function might be applied to predict the SOC stocks in coastal salt marshes. The validation indices shown in Table 4 confirm the availability of the allometric function. Positive values of MPE indicated that the predicted values were larger than the observed values, and this was reversed for negative MPE values. The lowest absolute values of MPE and RMSE were found in the three salt marshes when using an allometric function. The lower absolute values of MPE and RMSE suggest that the allometric function fitting method of SOC c produces fewer errors when predicting the SOC stocks 14 . The results of the single sample t-test shown in Table 5 indicate that the slope of the regression line of predicted and calculated SOC c based on the allometric and exponential functions is not significantly different than 1, thus suggesting acceptable predictions of SOC c compared to the logistic function. However, the slopes based on the allometric and exponential functions are significantly different than 1, which suggests that the SOC stocks are either under-or overpredicted 14 .
Topsoil concentration factors (TCFs) of the three salt marshes. Topsoil concentration factors (TCFs) can be used to evaluate the effects of plant cycling on biogeochemical elements 27 . The box plots shown in Fig. 4 illustrate the TCFs in the three salt marshes. The mean TCFs (0-10 cm/0-100 cm) of the three salt marshes were all greater than 0.1, which indicates the presence of an SOC enrichment in the surface soil (0-10 cm) due to plant cycling. The TCF values of the PSM were significantly higher than those in the SSM and slightly higher than those in the TSSM (P < 0.05). These differences should be ascribed to the different vegetation covers in the salt marshes.
Plant characteristics such as tissue stoichiometry, biomass cycling rates, above-and below-ground allocation, root distribution, and maximum rooting depth 27 might play an important role in the distribution patterns of SOC. Figure 5 illustrates the proportional distribution of the SOC content ((soil layer/0-100 cm) × 100%) in the PSM, SSM and TSSM. The SOC content in the surface soil layer (0-20 cm) was relatively higher than that in the other layers in the three salt marshes. There was a decreasing trend for SOC, with the exception of the 40-60 cm soil layer. The unexpected peak of SOC in the 40-60 cm layer may be explained by the following two reasons. On one hand, it may be associated with the high silt and clay contents in this layer (Table 1) . Zinn et al. 28 also demonstrated that the SOC content was directly and linearly correlated with the combined clay + silt (but not the clay alone) content for all depths at the 0-1 m interval. On the other hand, this unexpected peak could be explained by downward migrating of soil organic carbon by leaching and microbial activities 29, 30 in the surface soils. Many researches have shown that plant production is a major SOC input to soil in arid and semi-arid ecosystems 16, 31, 32 . However, with the exception of plant litter input, the organic carbon burial due to the sediment accumulation 33 and tidal flooding input play an important role in the SOC budgets and depth distribution patterns of the SOC for coastal salt marshes.
Relationships between the SOC stocks and soil properties at different depth intervals. The relationships between the cumulative SOC stocks (SOC c ) at different depth intervals (0-20, 0-40 and 0-100 cm) and soil properties such as pH, SSC, soil water content (SWC) and silt + clay content are shown in Fig. 6 . Positive liner relationships were found between SOC c at different depth intervals and silt + clay ( Fig. 6(d,h,l) ). Similarly, a SOC = a + b(silt + clay) function was proposed by Zinn et al. 28 to describe the relationship between the SOC and clay+ silt, which was also available for any depth at the 0-1 m interval. As reported by Yang et al. 31 , the soil texture influences the SOC storage in two ways. First, it increases the clay and silt contents and reduces microbial decomposition by stabilizing the SOC and decreasing C leaching, thus leading to an accumulation of SOC. Second, increasing the clay and silt contents stimulate plant production by increasing the water holding capacity and thereby increasing C inputs to soil. The SOC c would reach a relatively stable value based on the relationships between SSC, SWC and SOC c (Fig. 6 (b,c,f,g,j,k)). In terms of the SSC, a low level of salinity may increase the microbial decomposition rates by stimulating extracellular enzyme activity and enhancing the bacterial abundance 34 , which eventually causes, at least in part, a decreased level of SOC accumulation, accretion and carbon sequestration rates in tidal areas. This explanation is consistent with our study results, which indicate that low SOC stock levels can be found in salt marshes with low SSC levels (SSC < 5‰) (Fig. 6b,f,j) . A high SSC content may reduce the microbial activity to affect the SOC decomposition 34, 35 , and the accumulation of salts in the root zone may have an adverse effect on plant growth by decreasing the availability of water to the plants and affecting the metabolism due to specific ion toxicity and ion imbalances 36 . Consequently, a moderate salinity level might be beneficial for the carbon sequestration of coastal salt marshes.
Our study showed that nearly 30% of the SOC (based on the 0-100 cm reserve) was concentrated in the soil surface (0-20 cm) of the coastal salt marshes of the YRD (Fig. 5) . Furthermore, the soil surface area is more obviously affected by processes such as weathering, plant litter decomposition and water flooding than are deep soil layers (20-100 cm in this study). Therefore, a GLM was applied to the soil surface and the deep soil layers to analyse the relationships between the SOC c and soil physicochemical properties and to identify the contributing factors, respectively. The results of the GLM suggested that the four selected soil properties (i.e., SWC, pH, SSC and silt + clay) explained 81.23% and 79.02% of the total variation of SOC stock in the top 20 cm and 20-100 cm layers, respectively (Table 6 ). SWC explained the largest proportion (41.64%) of the SOC stock variation, whereas the pH explained approximately 11.3% of the variation for the 0-20 cm layer. However, the pH explained the largest proportion (32.54%) of the variation in the SOC stock, and SWC only explained 9.42% of the variation for the 20-80 cm soil layer. It is important to note that the controlling factors described above are interactively affected. For example, increased soil pH can limit the binding capacity of clay compounds, leading to decreased organic matter (e.g., humic acid) sorption in soil 34, 37 . Furthermore, weather factors (e.g., rain) and hydrological fluctuation (e.g., tidal flooding and flow-sediment regulation projects) would also significantly change the water content (SWC) and soil salinity (SSC) in surface soils and other soil physicochemical properties 38 in this area.
Conclusions
The depth distributions of the volumetric SOC contents (SOC v , kg/m 3 ) and the cumulative SOC stocks (SOC c , kg/m 2 ) were modelled using allometric, exponential and logistic functions in three salt marshes with different plant covers. The modelling data were based on our sampling results in representative coastal salt marshes of the Yellow River Delta in China. The decay exponential function can better fit the depth distribution of SOC v in the coastal salt marshes than the other two functions despite its low goodness of fit, which is widely used in terrestrial ecosystems for the estimation of SOC stock. The depth distribution of the SOC c can be fitted very well by three functions for each salt marsh (Adj. R 2 > 0.99), however, the values of MPE and RMSE, and t-test results indicated more accurate predictions of SOC c in the top 100 cm soils using the allometric function in comparison to both exponential and logistic functions. Vegetation cover types can affect the depth distribution pattern of SOC by plant cycling, root distribution changes and above-and below-ground allocation differences according to the topsoil concentration factor analysis. The general linear model analysis showed that the pH and soil moisture (SWC) were the main controlling factors of the SOC storage in the study area. The co-effects of environmental factors such as the pH, soil moisture, soil salt and soil texture on the SOC distribution and the quantitative mathematic functions among them will require further research in coastal salt marshes. 
Materials and Methods
Study area. The study was conducted in the newly formed salt marshes of the Yellow River Delta, China. This region is characterized by a warm-temperate and continental monsoon climate, with an annual mean precipitation of 640 mm and an annual mean evaporation of 1962 mm. The air temperature varies from − 23.3 to 41.9 °C and the annual mean value is 12.3 °C 39 . The Yellow River water and sediment discharges have significant seasonal variability, and more than 60% of the river water and sediment 40 is discharged during the flooding season (from June to July). The soil is typical Fluvisols, which is derived from the upstream of the Loess Plateau 41 . Dominant vegetation types in the study area are Phragmites australis, Suaeda salus and Tamarix chinensis. PSM was mainly distributed along the Yellow River banks. The distribution area of SSM was near the coastline. The TSSM was in the ecotone of Phragmites australis and Suaeda salus. Some Suaeda saluses were growing under the cover of Tamarix chinensis.
Sample collection and analysis. We identified 10, 8 and 10 profiles in PSM, SSM and TSSM, respectively.
The soil samples were collected from soil pits at depths of 0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm. In total, 60, 48 and 60 samples were obtained from the PSM, SSM and TSSM, respectively, and the soil samples were used for the determination of the SOC, pH, soil salt content (SSC) and soil texture. All samples were sealed in polyethylene bags and brought to the laboratory, then air dried at room temperature for three weeks. All air-dried samples were sieved through a 2-mm nylon sieve to remove coarse debris and stones, then ground with a pestle and mortar until all particles passed a 0.149-mm nylon sieve for the determination of their soil chemical properties (i.e., SOC, pH and SSC). Additionally, in each profile, a single 4.8-cm diameter soil core was collected from each depth interval. The soil core was oven dried at 105 °C for 24 h and weighed for the determination of its bulk density (BD) and soil water content (SWC).
A Hach pH meter (Hach Company, Loveland, CO, USA) was used to measure the soil pH (soil:water = 1:5). SSC was determined in the supernatant of 1:5 soil-water mixtures using a salinity meter (VWR Scientific, West Chester, PA, USA). The SOC mass concentration (g/kg) was measured using the bichromate oxidation method 42 . Soil particle size analysis was conducted on a laser particle size analyzer (Microtrac S3500, America). All samples were analysed in triplicate.
Data processing. The SOC data were divided into calibration and validation data sets. In the PSM, there were 36 calibration data points and 24 validation data points. Similarly, there were 30 calibration data points and 18 validation data points for the SSM, 36 calibration data points and 24 validation data points for the TSSM, respectively. We applied allometric, exponential and logistic functions to model the depth distribution of the SOCv and SOCc for each salt marsh. The formulas of the three functions are shown as follows:
x t 0 ( / ) where SOCv is the volumetric SOC (kg/m 3 ), BD is the bulk density (kg/m 3 ) of the soil sample, and SOC m is the SOC mass concentration (g/kg) of the sample.
For a given profile, we assumed that the SOC is distributed uniformly in a given depth interval. Therefore, the SOC stock (kg/m 2 ) in this interval is the product of the volumetric SOC and interval depth (m) (Equation (5)). We define the numbers 1, 2, 3, 4, 5, and 6 as denoting the depths of 0-10, 10-20, 20-40, 40-60, 60-80, and 80-100 cm, respectively. Thus, the SOC c from the surface (0 cm) to a givendepth is the sum of SOC stock in soil layers, which is calculated by eq. (6). Thus, for a profile, the SOC c at the depth of 0 to 60 cm is calculated by the sum of the SOC stocks in the 0-10, 10-20, 20-40, and 40-60 cm layers.
s s where SOC s is the SOC stock of a given depth interval, H is the interval depth, and SOC c is the cumulative SOC stock in a desired depth. In our study, n is from 1 to 6, SOC s i is the SOC stock for the i th layer, and SOC s i is equal to SOC s (Eq. (7)) when eq. (5) is used to calculate the SOC stock in the i th layer. Three different functions were used to model the depth distribution of the volumetric SOC (SOC v ) and the cumulative SOC stock (SOC c ). In the process of modelling the depth distribution of SOC v , the allometric, exponential and logistic functions were fitted to describe the depth distribution of SOC v for each profile using a nonlinear least squares procedure in the calibration data sets. The fitting depth was from the surface (0 cm) to 100 cm. In contrast, when modelling the depth distribution of SOC c , three functions were fitted to describe the depth distribution of SOC c in the individual soil profiles.
Validation of predicted cumulative SOC stocks. In this study, we used the SOC c of four intervals of the layers (0-10, 0-20, 0-40, and 0-60 cm) in validation data sets to predict the SOC c values of the other two intervals (0-80 and 0-100 cm). Three equations were all applied for this prediction. By calculating different validation indices, such as, the mean predictive error (MPE) and root mean square error (RMSE), we can compare the predictive veracity among the three equations. The formulas of MPE and RMSE are shown below. 100 cm) layers. ***P < 0.001; **P < 0.01; *P < 0.05; P < 0.1. df, degree of freedom; SE, standard errors; MS, mean squares (F-test); SS, proportion of variances explained by the variable; Silt. Clay, silt+clay SOC density was log 10 -transformed before analysis. The parameters of the GLM model and their standard errors (SE) were also presented (t-test).
Scientific where C pi is the predicted value of the cumulative SOC stock, C ci is the calculated value of the cumulative SOC stock based on measured values, and m is the number of samples used to validate the model in each salt marsh. The MPE represents the bias of the prediction and the RMSE represents the average error of the prediction 14 . These values should approach zero for an optimal prediction. The performance of an extrapolated function was evaluated by the regression analysis of predicted and observed values through comparisons with a 1:1 relationship 16, 43 . Furthermore, the t-test was used to test the hypothesis that the slope of the regression line between the calculated and predicted SOC stocks (SOC c ) equals 1 14, 44 .
Topsoil concentration factors (TCFs).
In this study, TCFs were employed to evaluate the effects of different vegetation on the SOC in salt marshes. If the TCFs (0-10 cm/0-100 cm) were greater than 0.1, the SOC enrichment in the surface soil (0-10 cm) could be attributed to plant cycling. Statistical analysis. The Origin 8.0 software package was used to model the depth distribution patterns of the SOC v and SOC c in the PSM, SSM and TSSM, respectively. One-way analysis of variance (ANOVA) was used to test the significant differences of topsoil concentration factors (TCFs) among the three salt marshes, Differences were considered to be significant if P < 0.05. A general linear model (GLM) was used to assess the integrative effects of the four individual soil properties (i.e.,pH, soil water content, soil salt content and silt + clay content) on the SOC density (SOC v in this study) 31 at 0-20 cm and 20-100 cm intervals. GLM analysis and one-way ANOVA were performed using the R (R version 3.2.4) for Windows software package.
